Lakes as all other ecosystems are adaptive, have self-organization, and change the species compositions in accordance with the variable forcing functions. Therefore, models that can capture this dynamics are needed, which means that the properties (represented in models by the parameter) of the biological components of the model are continuously changed. This paper presents what is denoted as structural dynamic models (SDMs) that can capture this dynamics of changing the ecosystem structure. A SDM uses a goal function to determine the changes of the parameters. Eco-exergy is used as goal function, which is the work capacity (work energy) of the ecosystem. The use of this goal function can be considered a translation of Darwin's theory to thermodynamics. In 23 case studies, it has been possible to use SDM to describe the structural changes with an acceptable standard deviation. Of these cases, 12 were lake models and an attempt is made in this paper to summarize the experience gained by the use of SDMs on lakes. The three most characteristic case studies are presented in more detail and conclusions on the applicability of SDM on lakes are summarized.
INTRODUCTION
Ecological models attempt to capture the characteristics of ecosystems. However, ecosystems differ from most other systems by being extremely adaptive, having the ability of self-organization, and having a large number of feedback mechanisms. Even a shift in species composition can take place. The real challenge of modeling is therefore: How can we construct models that are able to refl ect these very dynamic characteristics? Some recent development has attempted to answer this question by the application of what is denoted as structural dynamic models (SDMs) or variable parameter models -sometimes also named the fi fth generation of models. The thermodynamic variable eco-exergy (it is free energy or work capacity defi ned for ecosystems; the defi nition and presentation is given below) has been applied to develop SDMs in 23 cases; see Zhang et al. [1] , Jørgensen [2] , Jørgensen [3] and Jørgensen and Fath [37] . Of these models, 12 have been lake models: The paper will summarize the experience gained by the use of SDMs on lakes and present a few characteristic illustrative examples to demonstrate the benefi ts that SDMs can offer the ecological modeler of lakes: better prognoses and improved calibration. Before presenting these benefi ts, however, it is necessary to show how to construct a SDM and defi ne eco-exergy that is used as goal function in this model type.
HOW TO CONSTRUCT SDMS AND DEFINITIONS OF ECO-EXERGY?
Species are continuously tested against the prevailing conditions (external as well as internal factors) and the best fi tted are selected and are able to maintain and even increase their biomass; see Fig. 1 . The property of fi tness must, of course, be heritable to have any effect on the species composition and the ecological structure of the ecosystem in the long run. How can we account for these features in modeling?
If we follow the generally applied modeling procedure presented in most textbooks on ecological modeling, see Jørgensen, [3] , we will develop a model that describes the processes in the focal ecosystem, but the parameters will represent the properties of the state variables as they are in the ecosystem during the examination period. They are not necessarily valid for another period because we know that an ecosystem can regulate, modify, and change them, if needed as response to changes in the existing conditions (see Fig. 1 ), determined by the forcing functions and the interrelations between the state variables. Our present models have rigid structures and a fi xed set of parameters meaning that no changes or replacements of the components are possible. We need to introduce parameters (properties) that can change according to changing forcing functions and general conditions for the state variables (components) to optimize continuously the ability of the system to move away from thermodynamic equilibrium. The idea is to test if a change of the most crucial parameters produces a higher well-selected and defi ned goal function of the system and, if that is the case, to use that set of parameters.
The model type that can account for the change in species composition as well as for the ability of the species to adapt, that is, the biological components of our models, to change their properties, that is, to adapt to the existing conditions imposed on the species, is as mentioned above called The possible shifts in species composition are determined by the gene pool, which is steadily changed due to mutations and new sexual recombinations of genes. The development is, however, more complex. This is indicated by arrows from 'structure' to 'external factors' and 'selection' to account for the possibility that the species can modify their own environment (see below) and thereby their own selection pressure; (2) an arrow from 'structure' to 'gene pool' to account for the possibilities that the species can to a certain extent change their own gene pool.
SDM, to indicate that they are able to capture structural changes. They may be called the next or fi fth generation of ecological models to underline that they are radically different from previous modeling approaches and can do more, namely describe the adaptation and changes in species composition. It could be argued that the ability of ecosystems to replace the present species with other better-fi tted species can be considered by constructing models that encompass all actual species for the entire period that the model attempts to cover. This approach has, however, two essential disadvantages. First, the model becomes very complex, as it will contain many state variables for each trophic level. Therefore, the model will contain many more parameters that have to be calibrated, and this will introduce a high uncertainty to the model and will render the application of the model very case-specifi c [4, 5] . In addition, the model will still be rigid and not allow for continuously changing parameters due to adaptation.
Straskraba [6] and [7] uses a maximization of biomass as the governing principle. The model computes the biomass and adjusts one or more selected parameters to achieve the maximum biomass at every instance. The model has a routine that computes the biomass for all possible combinations of parameters within a given realistic range. The combination that gives the maximum biomass is selected for the next time step and so on. Biomass can only be used when only one state variable is adapting or shifted to other species. Exergy (work capacity or free energy for a far from thermodynamic equilibrium system) calculated for ecosystems by the use of a special reference system, eco-exergy -has been widely used as a goal function in ecological models, and some of the most illustrative case studies of lake models are presented and discussed below. Eco-exergy has two pronounced advantages as goal function for development of SDMs. It is defi ned as far from thermodynamic equilibrium and it is related to the state variables, which are easily determined or measured, opposite, for instance, maximum power that is related to the fl ows. Furthermore, eco-exergy can be applied also when two or more species are adapting and shifted to other species, which is often the case. Phytoplankton and zooplankton are, for instance, often changed simultaneously, when the forcing function of lakes are changed. As eco-exergy is not a generally used thermodynamic function, we need, however, fi rst to present this concept. Eco-exergy expresses energy with a built-in measure of quality like emergy. It is defi ned as the ecosystem content of free energy that can work (see also Fig. 2 ) with the same system at thermodynamic equilibrium as reference state.
Let us try to translate Darwin's theory into thermodynamics, applying eco-exergy as the basic concept. Survival implies biomass maintenance, and growth means biomass increase. It costs free energy that can work to construct biomass and biomass, therefore, possesses eco-exergy, which is transferable to support other exergetic (energetic) processes. Survival and growth can, therefore, be measured by use of the thermodynamic concept eco-exergy, which may be understood as the free energy relative to a reference state for a far from thermodynamic equilibrium system. Darwin's theory can, therefore, be reformulated in thermodynamic terms as follows: The prevailing conditions of an ecosystem steadily change and the system will continuously select the species, and thereby the processes that can contribute most to the maintenance or even growth of the ecoexergy of the system means it move further away from thermodynamic equilibrium.
Jørgensen and Mejer [8] have shown by the use of thermodynamics that the following equation is valid for the components of an ecosystem:
where R is the gas constant, T the temperature of the environment (Kelvin), while C i represents the ith component expressed in a suitable unit, for example, for phytoplankton in a lake C i could be milligrams of a focal nutrient in the phytoplankton per liter of lake water, C eq,i is the concentration of the ith component at thermodynamic equilibrium.
The idea of SDMs is to continuously fi nd a new set of parameters (limited for practical reasons to the most crucial, i.e. sensitive parameters) that is better fi tted for the prevailing conditions of the ecosystem. 'Fitted' is defi ned in the Darwinian sense by the ability of the species to survive and grow, which may be measured by the use of eco-exergy [9] [10] [11] [12] [13] [14] [15] , and [8] . Figure 3 shows the proposed modeling procedure, which has been applied in the two cases presented below.
Eco-exergy is defi ned as the work the system can perform when it is brought into equilibrium with the environment or another well-defi ned reference state. If we presume a reference environment for a system at thermodynamic equilibrium, meaning that all the components are: (1) inorganic, (2) at the highest possible oxidation state signifying that all free energy has been utilized to do work, and (3) homogeneously distributed in the system, meaning no gradients, then the situation illustrated in Fig. 2 is valid. It is possible to distinguish between bio-chemical exergy and chemical-physical exergy. The chemical energy embodied in organic compounds and biological structure contributes most to the exergy content of ecological systems. Exergy was introduced in the 1950s to account for the energy that can do work in technological context. The reference state was the environment of the consider system. For ecosystems, the environment is the next ecosystem, and it would be irrelevant to use as reference state. Therefore, the same system but at thermodynamic equilibrium has been chosen as reference state. 
Test all combinations of the elements in the parameter vector +/-x%. By n elements it means that 3^n combinations should be tested. Select the combination, that yields the highest eco-exergy after y days
Use this combination for the next y days. Test, however, again all combinations of the selected parameters +/-x% . Select now the combination that gives the highest eco-exergy after 2 y days. Temperature and pressure differences between systems and their reference environments are small in contribution to overall eco-exergy and for the present purposes can be ignored. We will compute the eco-exergy based entirely on bio-chemical energy: ∑i(µc -µc,o)Ni, where i is the number of exergy-contributing compounds, c, and µc are the chemical potential relative to that at a reference inorganic state, µc,o. Our (chemical) exergy index for a system will be taken with reference to the same system at the same temperature and pressure, but in the form of a pre-biotic environment without life, biological structure, information, or organic molecules -it means an inorganic soup.
1.

2.
3.
Repeat step 2 and 3 and continue
By using this particular exergy, denoted eco-exergy, based on the same system at thermodynamic equilibrium as reference and at the same temperature and pressure, the eco-exergy becomes dependent only on the chemical potential of the numerous biochemical components, controling the life processes.
In accordance with Jørgensen and Svirezhev [16] , it is possible to show that eco-exergy density for a model can be found as i = n Eco-exergy density = Σ β i c i i = 1
The eco-exergy due to the 'fuel' value of organic matter (chemical energy) is about 18.7 kJ/g (compare with coal: about 30 kJ/g and crude oil: 42 kJ/ g). It can be transferred to other energy forms, for instance, mechanical work directly and be measured by bomb calorimetry, which requires destruction of the sample (organism), however. The information eco-exergy = (β − 1) * biomass or density of information eco-exergy = (β − 1) * concentration. The information eco-exergy controls the function of the many biochemical processes. The ability of a living system to do work is contingent upon its function as a living dissipative system. Without the information eco-exergy, the organic matter could only be used as fuel similar to fossil fuel. But due to the information eco-exergy, Ecosystem Same ecosystem but at thermodynamic equilibrium at the same temperature and pressure Eco-exergy is the difference in work capacity between the ecosystem and the reference system. Eco-exergy will corrrespond to the chemical energy contained in the numerous chemical compounds in the ecosystem Figure 3 : The defi nition of eco-exergy is shown. The work capacity in the ecosystem in the form of chemical energy of many different and complex chemical compounds relative to the reference system is the eco-exergy. The reference system is the same ecosystem but at thermodynamic equilibrium, that is, a homogeneous system without life. All the chemical compounds are inorganic and there are no gradients.
organisms are able to make a network of the sophisticated biochemical processes that characterize life. The eco-exergy (of which the major part is embodied in the information) is a measure of the organization [16] . This is the intimate relationship between energy and organization that Schrødinger [17] was struggling to fi nd. The β-values determine by various methods, mainly based on the genome, are listed in Table 1 , in accordance with Jørgensen et al. [18] . The application of eco-exergy to develop SDMs is based on what may be considered thermodynamic translation of survival of the fi ttest, as already discussed above. Biological systems have many possibilities for moving away from thermodynamic equilibrium, and it is important to know along which pathways among the possible ones a system will develop.
In the following sections, SDMs of lakes will be presented as illustrative examples. Three examples of structural changes that SDMs have been able to capture are presented. In the example of development of a SDM to describe the competition between phytoplankton and submerged vegetation, it will be shown how the application of SDM improves the calibration.
BIOMANIPULATION
This example of the use of SDM to understand the observed reactions by the use of biomanipulation is presented in more details in Jørgensen and Fath (2011) . The eutrophication and remediation of a lacustrine environment do not proceed according to a linear relationship between nutrient load and vegetative biomass but rather display a sigmoid trend with delay, as shown in Fig. 4 . The hysteresis reaction is completely in accordance with observations [19, 20] and it can be explained by structural changes [19, [21] [22] [23] . A lake ecosystem shows a marked buffering capacity to increasing nutrient level, which can be explained by a current increasing removal rate of phytoplankton by grazing and settling. Zooplankton and fi sh abundance are maintained at relatively high levels under these circumstances. At a certain level of eutrophication, it is not possible for zooplankton to increase the grazing rate further, and the phytoplankton concentration will increase very rapidly by slightly increasing the concentrations of nutrients. When the nutrient input is decreased under these conditions, a similar buffering capacity to variation is observed. The structure has now changed to a high concentration of phytoplankton and planktivorous fi sh, which causes a resistance and delay to a change where the second and fourth trophic levels become dominant again.
Willemsen [24] distinguishes two possible conditions:
(1) A bream state characterized by turbid water, high eutrophication, low zooplankton concentration, absent of submerged vegetation, large amount of breams, while pike is hardly found. (2) A pike state, characterized by clear water and low eutrophication. Pike and zooplankton are abundant and there are signifi cant fewer breams.
The presence of two possible states in a certain range of nutrient concentrations may explain why biomanipulation has not always been used successfully. According to the observations referred to in the literature, success is associated with a total phosphorus concentration below 50 µg/L [25] or at least below 100-200 µg/L [26] , while disappointing results are often associated with phosphorus concentration above this level of more than approximately 120 µg/L [27] with a diffi cult control of the standing stocks of planktivorous fi sh [28, 29] .
Scheffer [30] has used a mathematical model based on catastrophe theory to describe these shifts in structure. However, this model does not consider the shifts in species composition, which is of particular importance for biomanipulation. The zooplankton population undergoes a structural change when we increase the concentration of nutrients, for example, from a dominance of calanoid copepods to small caldocera and rotifers, according to the following references: de Bernardi and Anthropoid apes 2173
Homo sapiens
Simulations have been carried out for phosphorus concentrations in the in-fl owing water of 0.02, 0.04, 0.08, 0.12, 0.16, 0.20, 0.30, 0.40, 0.60, and 0.80 mg/L. For each of these cases, the model was run for any combination of a phosphorus uptake rate of 0.06, 0.05, 0.04, 0.03, 0.02, 0.01 1/24 h and a grazing rate of 0.125, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1.0 1/24 h. When these two parameters were changed, simultaneous changes of phytoplankton and zooplankton mortalities were made according to allometric principles (see Peters [38] ). The parameters, which are made variable to account for the dynamics in structure, are for phytoplankton growth rate (uptake rate of phosphorus) and mortality and for zooplankton growth rate and mortality.
The settling rate of phytoplankton was made proportional to the (length) 2 . Half of the additional sedimentation, when the size of phytoplankton increases corresponding to a decrease in the uptake rate, was allocated to detritus to account for resuspension or faster release from the sediment. A sensitivity analysis has revealed that exergy is most sensitive to the changes in these fi ve selected parameters, which also represent the parameters which change signifi cantly by size. The 6 respectively 9 levels selected above represent approximately the range in size for phytoplankton and zooplankton.
For each phosphorus concentration, 54 simulations were carried out to account for all combinations of the two key parameters. Simulations over 3 years, 1100 days, were applied to ensure that either steady state, limit cycles, or chaotic behavior would be attained. This SDM approach presumed that the combination with the highest exergy should be selected as representing the process rates in the ecosystem. If eco-exergy oscillates even during the last 200 days of the simulation, then the average value for the last 200 days was used to decide on which parameter combination it would give the highest eco-exergy. The combinations of the two parameters, the uptake rate of phosphorus for phytoplankton, and the grazing rate of zooplankton giving the highest exergy at different levels of phosphorus inputs are plotted in Figs. 5 and 6. The uptake rate of phosphorus for phytoplankton gradually decreases, when the phosphorus concentration increases. As seen, the zooplankton grazing rate changes at the phosphorus concentration 0.12 mg/L from 0.4 1/24 h to 1.0 1/24 h, that is, from larger species to smaller species, which is according to the expectations. μg P / l Max. P-uptake (1 / 24h) Maximum Uptake of P by Phytoplankton Figure 5 : The maximum growth rate of phytoplankton obtained by the SDM approach is plotted against the phosphorus concentration. Figure 7 shows the eco-exergy, named on the diagram information, with an uptake rate according to the obtained data. The phytoplankton concentration increases for both parameter sets with increasing phosphorus input, as shown Fig. 8 , while the planktivorous fi sh shows a signifi cantly higher level by a grazing rate of 1.0 1/24 h, when the phosphorus concentration is ≥ 0.12 mg/L (= valid for the high exergy level). Below this concentration, the difference is minor. The concentration of fi sh 2 is Figure 7 : The exergy is plotted against the phosphorus concentration. Information 1 corresponds to a maximum zooplankton growth rate of 1 (1/24 h) and information 2 corresponds to a maximum zooplankton growth rate of 0.4 (1/24 h). The other parameters are the same for the two plots, including the maximum phytoplankton growth rate as function of the phosphorus concentration.
higher for the case 2 corresponding to a grazing rate of 0.4 1/24 h for phosphorus concentrations below 0.12 mg/L. Above this value, the differences are minor, but at a phosphorus concentration of 0.12 mg/L, the level is signifi cantly higher for a grazing rate of 1.0 1/24 h, particularly for the lower exergy level, where the zooplankton level is also the highest.
If it is presumed that eco-exergy can be used as a goal function in ecological modeling, then the results seem to be able to explain why we observe a shift in grazing rate of zooplankton at a phosphorus concentration in the range of 0.1-0.15 mg/L. The ecosystem selects the smaller species of zooplankton above this level of phosphorus because it means a higher level of the eco-exergy, which can be translated to a higher rate of survival and growth. It is interesting that this shift in grazing rate only gives a little higher level of zooplankton, while the eco-exergy index level gets signifi cantly higher by this shift, which may be translated as survival and growth for the entire ecosystem. Simultaneously, a shift from a zooplankton, predatory fi sh-dominated system to a system dominated by phytoplankton and particularly by planktivorous fi sh takes place.
It is interesting that the levels of eco-exergy and the four biological components of the model for phosphorus concentrations at or below 0.12 mg/L parameter combinations are only slightly different for the two parameter combinations. It can explain why biomanipulation is more successful in this concentration range. Above 0.12 mg/L the differences are much more pronounced and the exergy index level is clearly higher for a grazing rate of 1.0 1/24 h. It should therefore be expected that the ecosystem after the use of biomanipulation easily falls back to the dominance of planktivorous fi sh and phytoplankton. These observations are consistent with the general experience of success and failure of biomanipulation; see above. Phytoplankton mg/l μg P /l phyt 1 follows phyt 1* except at 120 µg/l where it follows phyt 2 Figure 8 : The phytoplankton concentration as function of the phosphorus concentration for parameters corresponding to 'information 1' and 'information 2'; see Fig. 6 . The plot named 'phyt 1*' coincides with 'phyt 1', except for a phosphorus concentration of 0.12 mg/L, where the model shows limit cycles. At this concentration, information 1* represents the higher phytoplankton concentration, while information 1 represents the lower phytoplankton concentration. Notice that the structural dynamic approach can explain the hysteresis reactions.
An interpretation of the results points toward a shift at 0.12 mg/L, where a grazing rate of 1.0 1/24 h yields limit cycles. It indicates an instability and probably an easy shift to a grazing rate of 0.4 1/24 h, although the exergy level is in average highest for the higher grazing rate. A preference for a grazing rate of 1.0 1/24 h at this phosphorus concentration should therefore be expected, but a lower or higher level of zooplankton is dependent on the initial conditions.
If the concentrations of zooplankton and fi sh 2 is low, and high for fi sh 1 and phytoplankton, that is, the system is coming from higher phosphorus concentrations, then the simulation gives with high probability a low concentration of zooplankton and fi sh 2. When the system is coming from high concentrations of zooplankton and of fi sh 2, the simulation gives with high probability a high concentration of zooplankton and fi sh 2, which corresponds to an eco-exergy index level slightly lower than that which is obtained by a grazing rate of 0.4 1/24 h. This grazing rate will therefore still persist. As it also takes time to recover, the population of zooplankton and particularly of fi sh 2 and in the other direction of fi sh 1, these observations explain the presence of hysteresis reactions.
The model is considered to have general applicability and has been used to discuss the general relationship between nutrient level and vegetative biomass and the general experiences by application of biomanipulation. The model could probably be improved by introducing size preference for the grazing and the two predation processes, which is in accordance with numerous observations. In spite of these shortcomings of the applied model, it has been possible to give a semi-quantitative description of the reaction to changed nutrient level and biomanipulation, and even to indicate an approximately correct phosphorus concentration, where the structural changes may occur. This may be due to an increased robustness by the SDM approach. It is possible to model competition between a few species with quite different properties, but the SDM approach makes it feasible to include more species even with only slightly different properties, which is impossible by the usual modeling approach; see also the unsuccessful attempt to do so by Nielsen [4, 5] . The rigid parameters of the various species make it diffi cult for the species to survive under changing circumstances. After some time, only a few species will still be present in the model, opposite what is the case in reality, where more species survive because they are able to adapt to the changing circumstances. It is important to capture this feature in our models. The SDMs seem promising to apply in lake management, as this type of models is applicable to explain our experience in the use of biomanipulation. It has the advantage compared with the use of catastrophe models, which can also be used to explain success and failure of biomanipulation that it is able also to describe the observed shifts in species composition.
DEVELOPMENT OF SDM TO DESCRIBE THE COMPETITION BETWEEN
PHYTOPLANKTON AND SUBMERGED VEGETATION This illustration of the use of SDM has been presented in more details in Jørgensen [3] . Zhang et al. [33, 34] have developed a SDMs by use of STELLA. The conceptual diagram of the model is shown in Fig. 9 . The model was developed by use of the data from Lake Mogan close to Ankara, Turkey. Phosphorus is the liming factor for eutrophication in the lake; this is interesting because it is a shallow lake with a competition between phytoplankton and submerged vegetation. The model has seven state variables: soluble P, denoted as PS, phosphorus in phytoplankton, PA, phosphorus in zooplankton, PZ, phosphorus in detritus, PD, phosphorus in submerged plants, denoted as PSM, exchangeable phosphorus in the sediment, PEX, and phosphorus in pore water, PP. The processes are infl ows and outfl ows of phosphorus, phosphorus in phytoplankton, and phosphorus in detritus. Soluble phosphorus is taken up by phytoplankton -the process is named uptakeP. Zooplankton grazes on phytoplankton indicated as 'grz' on the diagram. The settling of detritus and phytoplankton is covered by a fi rst-order reaction. A part of the settled material is lost as non-exchangeable phosphorus, while the exchangeable fraction proceeds to the state variable exchangeable phosphorus, PEX. A mineralization of the exchangeable phosphorus takes place in the sediment -the process is named 'minse' in the diagram. Mineralization in the water phase of detritus phosphorus is a process named mine. Temperature infl uences all the process rates. Light is, of course, considered a climatic forcing function infl uencing the growth of both phytoplankton and submerged plants. The submerged plants take most phosphorus up from the sediment, but the model considers both uptake of phosphorus from water and sediment by the submerged plants.
The SDM approach was used in the presented eutrophication model to examine:
1. The possibilities to improve calibration. Usually eutrophication models are used for one set of parameters for the entire annual cycle, but almost all lakes have different species of phytoplankton and zooplankton in different seasons, that is, in the spring, in the summer, and in the fall, because the conditions are different from season to season. The question is if we could include these changes of the parameters corresponding to the shifts in species composition from season to season, would we then obtain a better calibration and validation? In other words, could we improve calibration and validation, if we would use the SDM approach not only for development of prognoses but also for the calibration and validation? 2. Whether the catastrophic changes from submerged vegetation dominance to phytoplankton dominance, that is, described by Scheffer et al. [35] could be covered by the SDM?
The use of the SDM approach in the calibration phase was carried out by use of the following stepwise method:
(I) To reduce the number of parameter combination, the allometric relationships between parameters of phytoplankton and zooplankton and their sizes were applied: In accordance to the procedure for development of SDMs, see Fig. 2 , the model should be tested for all combinations of at least three possible values of the variable parameters. It means that if seven parameters are made structurally dynamic as it was decided for the eutrophication model in this case, it is required to run the model 3 7 times = 2187, but if as it is done by use of the allometric principles is possible to reduce the parameters to two -namely size of phytoplankton and size of zooplankton -it is only required to run the model 3 × 3 times or 9 times.
(II) First, the model was calibrated using the usual trial and error method to fi nd the combinations of parameters that would give the smallest discrepancy between model results and observations. These parameters were maintained for the subsequent application of the SDM approach, except for the seven parameters listed above -they would be determined by a current change of the size according to the SDM approach, described as point III.
(III) Nine runs (three phytoplankton sizes -the same, 10% increase and 10% decrease and three zooplankton sizes -the same, 10% increase and 10% decrease) are performed from day 0 to day X (X = 10 days was chosen for the Lake Mogan model). The combination of size for phytoplankton and zooplankton that gave the highest eco-exergy value was selected for the 10 days. Eco-exergy was calculated for the model as Eco-exergy = 21*phytoplankton + 135* zooplankton + 100* submerged vegetation + detritus. This procedure was repeated every 10 days. After an annual model run, it was possible to give a graph or table of the phytoplankton and zooplankton sizes that would currently -it means every 10 days -optimize the eco-exergy of the model. The sizes were 'translated' to the seven parameters that were selected as structurally dynamic -see the list above.
(IV) The size of phytoplankton and zooplankton that was found as function of time was introduced to the model and the other model parameters, that is, all the parameter minus the seven phytoplankton and zooplankton parameters were now calibrated again to account in this calibration for the infl uence of our knowledge about the phytoplankton and zooplankton size as function of time.
This stepwise procedure -see the steps 1-3 in Fig. 10 -is, of course, more cumbersome than to use an automatic SDM programmed in C++, but still it takes only a few days to obtain this SDM calibration, while the conventional calibration by trial and error may even require much longer time. The procedures I-IV are represented schematically in Fig. 10 . For the Lake Mogan model, it was found that the standard deviation expressing the difference between the modeled value and observed value of phytoplankton phosphorus for the SDM calibration was 10.9% versus 18% for the usual calibration procedure. For phytoplankton, zooplankton, and soluble phosphorus, which were considered the most important state variables, the standard deviation of 8.2% was observed for the SDM calibration and 10.7% for the usual calibration. The graphs for the observations and the model outputs of the two different calibration procedures are shown in Fig. 11 .
The SDM was used after calibration to answer the following question: Is it possible to describe the catastrophic changes from submerged vegetation dominance to phytoplankton dominance and back again, that is, described by Scheffer et al. [35] , by application of the SDM of Lake Mogan? According to Scheffer et al., we should expect that submerged vegetation is replaced by phytoplankton if we increase the phosphorus concentration to 250 µµg/L and that the submerged vegetation does not return when we decrease the phosphorus concentration before at about 100 µg/L. Can we in other words simulate the described hysteresis behavior by use of the developed SDM for Lake Mogan? The phosphorus concentration in the lake is about 80-85 µg/L, according to the observations, and it was the concentration applied for the calibration described above.
To answer the question, the phosphorus concentration in the water was increased a factor fi ve times which implies that we should expect a phosphorus concentration after a couple of years corresponding to the retention time of about 400 µg/L. Afterward, the phosphorus concentration was reduced to the present level of 80-85 µg/L. Figure 12 illustrates the results of these changes in the phosphorus concentration from 80-85 to 400 µg/L and from 400 to 80-85 µg/L. Figure 11 : The phytoplankton -P as mg/L is shown for (1) observations (a) the calibration obtained by the conventional trial and error calibration, (b) the calibration of the SDM (the method see the text), (c) the calibration obtained after the non-structural dynamic parameters have been calibrated by use of the structural dynamic parameters obtained by procedure (b). The time is from October 1 (day 90) to October 1 (day 450). The results of the fi nal calibration, SDM calibration followed by the normal calibration of the non-structural dynamic parameters (c) are very well in accordance with the observation, except for the fi rst peak during late April. The deviation between the modeled and the observed phytoplankton concentration at the second peak in July is only 8% relatively, while the trial and error here gives a deviation of almost 40%. Figure 12 : The graphs show the reaction of submerged plants to an increase in phosphorus of 400 µg/L followed by return to the original concentration of about 80-85 µg/L. When the phosphorus concentration increases, the P-SP also increases, but at about 250 µg/L, the submerged vegetation disappears and is replaced by phytoplankton-P. When the concentration returns to the 80-85 µg/L, the submerged vegetation emerges when the concentration is at 100 µg/L. The hysteresis behavior is completely in accordance with Scheffer et al.; see [35] . Figure 13 show the phytoplankton-P concentrations as function of time for fi ve different phosphorus concentrations of the water fl owing into the lake: (1) 0.5 times the present level, (2) the present level, (3) two times the present level, (4) fi ve times the present level, and (5) ten times the present level. As indicated above, the present level is 80-85 µg/L. Figure 14 shows the submerged plant as g/m 2 as function of time for the same fi ve phosphorus concentration of the water fl owing to the lake. The shift in dominance from submerged vegetation to phytoplankton is very clear for the phosphorus concentrations fi ve and ten times the present value.
It is possible to conclude from the presented application of SDM that the use of SDM approach for the calibration enables improvement in the calibration results and that it is possible to answer the raised questions about the catastrophic changes by use of SDM.
SDM developed for Lake Fure
Lake Fure is the deepest lakes in Denmark. It has a surface area of 941 ha and an average depth of 13.5 m. It consists of two ecologically different parts that are connected: the main basin, which is the large and deep part with an average depth of 16.5 m and the maximum depth of 37.7 m, and the shallow small part, which is called Store Kalv and has a mean and a maximum depth of 2.5 m and 4.5 m, respectively. The lake is situated 12-17 km from the center of Copenhagen and has, therefore, great recreational value.
The eutrophication of the lake increased signifi cantly in the 1950s and 1960s, due to a growing population in the suburbs north of Copenhagen. The waste water was treated mechanically and biologically, but there was no removal of nutrients. It was, therefore, decided in the late 1960s to take measures to reduce the eutrophication. In 1970, it was decided that the three municipalities discharging waste water to the lake could either choose to treat the waste water effectively by removal of nutrients or pump the waste water to the sea. A maximum phosphorus concentration of 0.2 mg/L and a maximum nitrogen concentration of 8 mg/L was required for the treatment of waste water, if the municipality would select the treatment solution. One of the three municipality selected the treatment solution, while the other two municipality preferred to pump the mechanically, biologically treated water to the sea. A model developed at that time showed that the treatment solution was the best solution for the lake due to a faster recovery of the lake. The lake had a water retention of approximately 16 years and the pumping of round 2 million m 3 to the sea prolonged the retention to about 21 years, which implied, of course, a slower reduction of the eutrophication. The nutrient balances of the lake, in 1972, just before the implementation of the above mentioned solution are shown in Fig. 15 . The measures taken reduced the phosphorus and nitrogen discharge to the lake by waste water to less than 1 t and about 3 t, respectively. The three other sources of nutrients, drainage water, storm water overfl ow, and precipitation were unchanged. During the period from 1972 to 2000 the municipalities were able to reduce the other sources slightly as it can be seen in Fig. 16 showing the nutrient balances for year 2000. The nutrient input from storm water was reduced by enlarging the storm water capacity. It is to be noted, however, that the internal loading was not reduced which is at least partly due to long retention time. It indicates that the two municipalities that preferred to pump the waste water to the sea in the early 1970s, and did not accept the model result that the treatment solution would give a faster recovery, were forced in 1986 to include nitrogen and phosphorus removal in the waste water treatment due to introduction of maximum standard for discharge of all waste water, even to waste water discharged directly to the sea.
Shortly after year 2000, it was decided to use restoration methods to recover the lake faster. Two restoration methods were proposed:
1. Aeration of the hypolimnion by oxygen from late April to late October when the lake had a thermocline. The release of phosphorus from the sediment would, thereby, be reduced signifi cantly. 2. Biomanipulation by massive removal of planktivorous fi sh.
The restoration of the lake started in 2003. A SDM was developed in year 2005; see the paper by Gurkan et al. [36] A SDM was naturally to apply in this case, as structural changes were expected due to reduced internal loading, the removal of a signifi cant part of the planktivorous fi sh, and further increase of the storm water capacity. The model was used for prognosis about the water quality in year 2010. Figure 17 shows the application of the model results on the nutrient balance and Table 2 shows the changes in the important state variables from 2004 to 2010, according to the prognosis made by the SDM of PAMOLARE. 5 SUMMARY AND CONCLUSIONS Because ecosystems are adaptive and can change the species compositions, there is a need for models that can consider this characteristic dynamics. SDMs can account for these ecological, dynamic properties. By the use of eco-exergy as goal function, it is possible to develop models that can describe adaptation and shifts in species composition. Twelve structurally dynamic lake models have been developed and three illustrative case studies, among the 12 case studies, are presented in this paper. The three presented case studies show that SDMs can describe the observed structural changes and thereby able to improve the prognoses developed by the models. In addition, it is also possible to improve the calibration of ecological lake models by the use of SDMs because there are clearly seasonal changes of the dominant species in lakes, which makes it diffi cult to calibrate the models with one parameter to cover the entire year. In contrast, the application of SDMs makes it possible to capture the seasonal changes of the properties of phytoplankton and zooplankton, for example, and thereby improve signifi cantly the calibration.
All the twelve case studies of SDMs of lakes show the same picture [3, 1] , and Jørgnesen and Fath, 2011): in most cases it is possible to improve the calibration, the accuracy of the prognoses increases, and it is possible with an acceptable standard deviation to capture the dynamic changes.
SDMs can therefore be recommended to apply, whenever adaptation and structural changes are presumed to take place. It makes it particularly attractive to apply SDMs when models are used for prognoses in environmental management, because prognoses are often considering radical changes of the forcing functions and, therefore, structural changes could most probably take place. 
